SUMMARY
Sterilization of grafts is essential. Supercritical carbon dioxide, electrolyzed water, gamma radiation, ethanolperacetic acid, and hydrogen peroxide techniques were compared for impact on sterility and mechanical integrity of porcine decellularized aortic valves. Ethanol-peracetic acid-and supercritical carbon dioxidetreated valves were found to be sterile using histology, microbe culture, and electron microscopy assays. The cusp tensile properties of supercritical carbon dioxide-treated valves were higher compared with valves treated with other techniques. Superior sterility and integrity was found in the decellularized valves treated with supercritical carbon dioxide sterilization. This sterilization technique may hold promise for other decellularized Decellularizing xenografts can be useful for tissue engineering and involves the removal of any cells and several proteins, including DNA, which decrease antigenicity, inflammation, and calcification. During collection, processing, and engineering of tissues intended for grafting, the obtained tissue grafts can become contaminated with bacteria, fungi, and other organisms (3, 4) . Therefore, before implantation, these grafts need to be sterilized. There are many sterilization techniques that are being used to sterilize soft tissues, including cardiac tissues; however, each technique has its own beneficial or detrimental effects.
The effects of sterilization on various tissue grafts and engineered tissues have been extensively studied for the last 2 decades (5-10). However, information on the effect of sterilization on decellularized soft tissue grafts such as heart valves has been infrequent.
Further, most sterilization techniques did not show ample effectiveness in sterilizing the tissues without any damage or change in their structure. Somers et al. (11) showed that gamma irradiation altered the ultrastructure of decellularized valves with in vitro testing (12) . The alteration included cross-linking, molecular fragmentation, and degradation of protein materials through peptide chain scission, leading to significant modification of mechanical properties.
This unfavorable structural change contributes to inferior cell adhesion (13) . In our preliminary studies, we examined the effect of gamma irradiation on porcine decellularized valves in a sheep model, and the studies showed that doses of gamma irradiation, enough to sterilize our valves, damaged the valves, leading to maladaptive wound remodeling (14) . This occurs via extra damage to the extracellular matrix and disruption of collagen by gamma rays. Sterilization of decellularized tissue engineered porcine liver by ethanol treatment showed significant loss in collagen content, cross-linking of peptide materials, inability to kill the bacterial spores, and ultimately, reduction of cell attachment and proliferation on the decellularized liver tissue (15) . When treated with peracetic acid (PAA) by other researchers, the decellularized tissue was found to be sterilized; however, there was loss of glycosaminoglycans (GAG) from the tissue, and only 56% of the original GAG remained due to the oxidative effect of PAA (15) . Sterilization with electrolyzed water (EOW) showed reduction of the aerobic colony count and staphylococci on the surfaces, and the aerobic colony count remained below pre-cleaning level after 48 h (16). However, the methicillin-susceptible Staphylococcus aureus, and methicillin-resistant S. aureus counts exceeded the original levels at 24 h after sterilization. The drawbacks in the sterilization techniques discussed in the preceding text encouraged us to apply a novel technique-supercritical carbon dioxide (scCO 2 ) treatment-to sterilize the decellularized porcine aortic valves in coordination with the company, NovaSterilis (Lansing, New York). Sterilization using scCO 2 requires additive sterilant to effectively inactivate bacterial endospores. The NovaSterilis process uses peracetic acid to achieve sterility assurance level 6 sterilization required for medical devices and can be applied to both wet and dry samples (17) (18) (19) .
Sterilization using scCO 2 involves low temperatures Hennessy et al.
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example, applied to bone and tendon allograft tissue (20) , and amniotic tissue (21) .
The heart valve has delicate tissues with different thicknesses and structure (cusps, root, aortic wall), which makes it an ideal organ for analyzing mechanical integrity and the impact after sterilization (22, 23) . Because the majority of this tissue is heterogeneous and contains very fragile cusps, as well as a strong root, the sterilization process can really affect the integrity of cusps easily, that is, the functionality of the valve (24) (25) (26) This optimum dose of 3,000 Gy was determined ideal for our tissue construct, considering sterility and trying to maintain the structural integrity (14).
9 6 % e t h a n o l w i t h 2 % P A A . Decellularized valves were placed into a 96% ethanol/2% PAA solution for 4 h at room temperature with continuous agitation. Hennessy et al.
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Supercritical CO 2 Sterilized Heart Valves 14 days. There were no microbes in the treated samples when observed in the SEM ( Figure 4D ). A microbial summary for evaluated sterilization techniques is provided in Hennessy et al.
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DISCUSSION
In our first in vivo experiments with decellularized heart valves placed into an ovine model, we observed that terminal sterilization techniques can affect the valve integrity and durability (14) . EOW has been
shown to have some efficacy in removing bacteria and fungus; however, the majority of the antibioticresistant bacteria such as streptococcal and staphylococcal species are resistant to its effect (16) . The method of ethanol and PAA not only fixes the tissue, thereby preventing remodeling of the tissue, but also can affect the amount of collagen and protein retained, thus affecting cellularization (15) . This method for sterilization also has issues in removing Differential scanning calorimetry (DSC) curves of a leaflet of a native aortic valve (red) and glutaraldehyde-treated (Glut) (blue) valve samples.
DSC curves of a leaflet of 90% ethanol-treated (EtOH) (black), PAA-treated (green), and scCO 2 -treated (purple) valve samples. The treatments were performed on decellularized valves. Abbreviations as in Figure 3 .
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CONCLUSIONS
In summary, we have tested different sterilization techniques to sterilize decellularized heart valves. 
